Bacterial H antigens are specified by flagellin molecules, which constitute the flagellar filament. Escherichia coli 781-55 and E2987-73 are the type strains for H44 and H55 antigens, respectively. Unlike E. coli K-12, they possess two flagellin genes, fliC and fllA, on their chromosomes. However, they are monophasic, expressing exclusively the fllA genes, which specify the type antigens. In this study, the flagellin genes were cloned from these strains and their structure and expression were analyzed. It was found that the fliC genes encode apparently intact flagellin subunits but possess inefficient σ 28 -dependent promoters, which may result in these genes being silent. The chromosomal locations of the fllA genes are approximately, but not exactly, identical with that of the phase-2 flagellin gene, fljB, of diphasic Salmonella strains. However, unlike the Salmonella fljB gene, the invertible H segment and the fljA gene responsible for the control of flagellar phase variation are both absent from the fllA loci. The fllA genes are highly homologous to the E. coli fliC gene but distantly related to the Salmonella fljB gene. These results suggest a hypothesis that the fllA genes may have emerged by an intra-species lateral transfer of the fliC gene. This hypothesis is further supported by the observation that the fllA genes are flanked by several IS elements and located within cryptic prophage elements.
INTRODUCTION
In Escherichia coli and Salmonella enterica, the flagellar filament is a polymer of a single subunit protein, flagellin, which specifies the H antigen, one of the major antigens of the bacterial cell (Iino, 1969) . The H antigen is highly polymorphic and thus used for serological typing of new bacterial isolates (Winstanley and Morgan, 1997) . Polymorphism of the H antigen reflects that of the flagellin molecule. Among the flagellin proteins from different H serotypes, the amino-acid sequences are well conserved in their N-and C-terminal regions, which bear the essential functions for protein export through the flagellumspecific type III secretion machinery and for polymerization into the filament (Mimori-Kiyosue et al., 1997; Samatey et al., 2001; Beatson et al., 2006) . On the other hand, the central region is variable in length and aminoacid sequence and carries H serotype-specific epitopes (Reid at al., 1999; Wang et al., 2003; McQuiston et al., 2004) .
In Salmonella, 114 different H antigens have been recognized and are known to be composed of combinations of 99 distinct antigenic factors (Popoff et al., 2003; McQuiston et al., 2004) . Diphasic S. enterica strains have two flagellin genes, fliC and fljB, which specify different H antigens called phase 1 and phase 2, respectively. The fliC gene locates within a large flagellar gene cluster at 42.5 min, while the fljB gene resides within one of the Salmonella-specific islands at 60 min (McClelland et al., 2001) . These two flagellin genes are expressed alternatively, which causes a phenomenon called flagellar phase variation (Iino, 1969) . Flagellar phase variation is controlled by the recurrent inversion of a 996-bp DNA segment, called the H segment, which contains the promoter for the fljB gene (Zieg and Simon, 1980) . The H segment is flanked by 26-bp inverted repetitious sequences, hixL and hixR, between which site-specific recombination occurs (Johnson and Simon, 1985) . This recombination is mediated by a DNA invertase, Hin, whose gene is located within the H segment (Kutsukake and Iino, 1980; Silverman and Simon, 1980; . The fljB gene constitutes an operon together with the fljA gene, which encodes a negative regulator for fliC expression (Fujita et al., 1973) . FljA inhibits fliC expression mainly through a posttranscriptional control mechanism (Yamamoto and Kutsukake, 2006; Aldridge et al., 2006) . When the H segement is in the "on" orientation, both fljB and fljA are transcribed, resulting in phase 2 flagellin being synthesized. When the H segment turns to the "off" orientation, neither fljB nor fljA is expressed, resulting in phase 1 flagellin being synthesized.
In E. coli, 53 different H antigens have been recognized, most of which are encoded by the fliC locus (Wang et al., 2003) . They are numbered from 1 to 56, with numbers 13, 22 and 50 not in use. For example, K-12, the bestcharacterized E. coli strain, possesses a single flagellin gene fliC, which specifies the H48 antigen. This gene is expressed constitutively, and thus strain K-12 is monophasic. Like K-12, most of the E. coli strains possess a single flagellin gene. However, some natural isolates of E. coli have been shown to contain another flagellin locus in addition to the fliC locus on their chromosomes (Ratiner, 1982 (Ratiner, , 1987 . For example, E. coli strains Bi7327-41, E223-69, 781-55 and E2987-73 are known to possess two flagellin genes (Ratiner, 1998) . However, unlike diphasic S. enterica strains, these E. coli strains usually express only either one of the two flagellin genes.
In strains Bi7327-41 and E223-69, the additional flagellin genes are called flkA and flmA, respectively (Ratiner, 1982) . The flkA and flmA genes locate at 70.4 and 82.5 min on the respective chromosomes and are expressed constantly. Their fliC genes are not expressed owing to repression by the product of an fljA-like gene, which is cotranscribed with the flkA or flmA gene (Ratiner, 1998; Tominaga, 2004) . This suggests that the flkA and flmA loci have a common origin with the S. enterica fljB locus. The cryptic fliC gene encodes a functional flagellin molecule in strain Bi7327-41, whereas the fliC gene is further inactivated by insertion of IS1222 in strain E223-69 (Tominaga, 2004) .
In strains 781-55 and E2987-73, the additional flagellin genes are called fllA (Ratiner, 1998) . The fllA genes were mapped at approximately 60 min in their chromosomes. This location is equivalent to that where the fljB gene locates on the S. enterica chromosome. The fliC and fllA genes specify H4 and H44 antigens, respectively, in strain 781-55 and H38 and H55 antigens, respectively, in strain E2987-73. However, these strains express exclusively the fllA genes. Classical genetic analysis indicated that, unlike the S. enterica fljB gene, the fllA genes do not associate genes with the fliC-repressing activity (Ratiner, 1998) . This suggested that the fliC genes in these strains should be silenced by a mechanism different from that involving FljA. In this work, we analyzed the structure and expression of the four flagellin genes in these two strains. On the basis of the results obtained here, we discuss the silencing mechanism of the fliC genes and the evolution of the fllA genes. Furthermore, this paper is the first report on the molecular structures of the H44 and H55 antigens.
MATERIALS AND METHODS
Bacterial strains, plasmids and media Bacterial strains and plasmids used are listed in Table 1 . Subscripts of respective flagellin genes indicate H antigen numbers that they specify. Ordinary culture media, such as L broth, L agar plates and motility agar plates, were prepared as described previously (Tominaga, 2004; Kutsukake et al., 2006) . If necessary, chloramphenicol and ampicillin were added to the media at final concentrations of 12.5 and 50 μg/ml, respectively.
DNA manipulation and molecular data analysis
Isolation of genomic and plasmid DNAs, construction and restriction analysis of recombinant plasmids and transformation were performed as described previously (Tominaga 2004; Kutsukake et al., 2006) . Restriction endonucleases and T4 DNA ligase were purchased from Toyobo (Osaka, Japan) or Takara (Kyoto, Japan). PCR amplification of DNA was carrried out with an iCycler (Bio-Rad, CA, USA) using KOD Dash DNA polymerase (Toyobo). Customized DNA primers were purchased from Hokkaido System Science (Sapporo, Japan). Their nucleotide sequences are listed in Table 2 . DNA sequence was determined by the dideoxy chain termination method using a PRIZM 310NT genetic analyzer (Applied Biosystems, CA, USA). Nucleotide and amino-acid sequence data were analyzed using an information processing software GENETYX (Software Development Co., Tokyo, Japan). Homology and conserved domain searches were performed through the National Center for Biotechnology Information (NIH, USA) by using the BLAST system.
Construction of plasmids carrying the flagellin genes
The genomic DNA of strain 781-55 was digested with EcoRI, ligated to the corresponding site of pSTV28 and introduced into an E. coli K-12 strain EJ2282 (ΔfliC). Motile clones were selected on motility agar plates containing chloramphenicol. From a clone expressing the H44 antigen, a plasmid was isolated and named pECH44. It carries a 12.0-kb EcoRI fragment containing the fllA 44 gene from strain 781-55. Subcloning experiments finally localized the fllA 44 gene onto a 4.3-kb BamHI-SalI fragment (see Fig. 1(a) ).
Similarly, the fllA 55 gene was cloned from strain E2987-73 onto pSTV28, but in this case both EcoRI and SalI were used for cloning. From a motile clone expressing the H55 antigen, a plasmid was isolated and named pECH55. It carrys a 13.7-kb EcoRI-SalI fragment containing the fllA 55 gene. Subcloning experiments finally localized the fllA 55 gene onto a 5.4-kb ClaI fragment (see Fig. 1(b) ).
Cryptic fliC genes, fliC 4 and fliC 38 , were PCR-amplified with primers P(fliA) and P(fliD-e) using as templates the genomic DNAs from strains 781-55 and E2987-73, respectively. These primers were designed on the basis of the E. coli K-12 sequences of the fliA and fliD genes that flank the fliC gene. The amplified products of 1.6-kb length from strain 781-55 and of 1.9-kb length from E2987-73 were digested with EcoRI and inserted into the corresponding site of pSTV28 to obtain pECH4 and pECH38, respectively.
Construction of plasmids carrying fliC-lacZ or fllAlacZ transcriptional fusions A 305-bp DNA fragment containing the fliC 4 or fliC 38 promoter together with the flanking sequences was PCR-amplified from pECH4 or pECH38, respectively, with primers P(38.4Fw) and P(38.4Rv). The amplified product was digested with KpnI and EcoRI and inserted into the corresponding site of a promoter-probe vector pRL124 (Malo and Loughlin, 1988) . The obtained plasmids, pRL-fliC4P and pRLfliC38P, carry fliC 4 -lacZ and fliC 38 -lacZ transcriptional fusions, respectively. A 376-bp DNA fragment containing the fllA 44 promoter and its flanking region was PCRamplified from pECH44 with primers P(LA44-PeFw) and P(LA44-PrRv). A 317-bp DNA fragment containing the fllA 55 promoter and its flanking region was PCR-amplified from pECH55 with primers P(LA55-PeFw) and P(LA55-PrRv). The amplified products were inserted into pRL124 as described above. The obtained plasmids, pRL-fllA44P and pRL-fllA55P, carry fllA 44 -lacZ and fllA 55 -lacZ transcriptional fusions, respectively. Plasmid pKK1021 carries the fliC 48 gene from E. coli K-12 (K. Kutsukake, unpublished) . A 305-bp DNA fragment containing the fliC 48 promoter and its flanking sequences was PCRamplified from pKK1021 with primers P(48Fw) and P(48Rv). The amplified product was inserted into pRL124 as described above. The obtained plasmid, pRL-fliC48P, 
carries an fliC 48 -lacZ transcriptional fusion.
β-Galactosidase enzyme assay The β-galactosidase activity was assayed as described previously (Yamamoto and Kutsukake, 2006) with MC1061-5K cells harboring one of the pRL plasmids. Each sample was assayed in triplicate.
RESULTS
Sequence analysis of the fllA genes and their flanking regions A 9.4-kb DNA region containing the fllA 44 gene from strain 781-55 was sequenced by primer walking using pECH44 as a template for sequencing reaction ( Fig. 1(a) ). Within the DNA region sequenced, an 8.2-kb DNA region including the fllA 44 gene has a gene organization unique to this strain and is flanked by the yfjJ and yfjU genes, which are separated by a 10.8-kb DNA sequence spanning between 59.5 min and 59.7 min on the E. coli K-12 chromosome (Blattner et al., 1997) , suggesting a substitution of the chromosomal DNA in this locus.
The fllA 44 gene is flanked by IS903-and IS1222-like elements. The IS903-like element is disrupted by further insertion of an IS629-like element. In addition to these IS elements, three open reading frames, orf98, orf291 and orf90, are present in this region. orf98 encodes a protein similar to an antidote protein VapI from plasmid Rts1 (Tian et al., 1996) . orf291 encodes a protein similar to the IS605-family transposase (Kersulyte et al., 1998) but is disrupted by insertion of the IS1222-like element mentioned above. orf90 has a homology with the arsC gene from plasmid R773 involved in arsenical resistance (Chen et al., 1986) . Similarly, an 8.0-kb DNA region containing the fllA 55 gene from strain E2987-73 was sequenced using pECH55 as a sequencing template (Fig. 1(b) ). It was found that the gene organization of the fllA 55 locus is quite different from that of the fllA 44 locus. The fllA 55 gene is flanked by IS911-, IS30-and IS1-like elements and resides between the ykfC and ygaT genes, which locate at 5.9 min and 60.1 min, respectively, and are thus not linked with each other on the E. coli K-12 chromosome (Blattner et al., 1997) . This suggests a large chromosomal rearrangement in strain E2987-73. (Fig. 2) . However, unlike the S. enterica fljB gene, the fllA genes are not accompanied by either the H segment or the fljA gene. This is consistent with the previous genetic data (Ratiner, 1998) .
Sequence analysis of the fliC 4 and fliC 38 genes DNA fragments containing the fliC 4 gene from strain 781-55 and the fliC 38 gene from strain E2987-73 were sequenced by primer walking using as sequencing templates pECH4 and pECH38, respectively. The fliC 4 -coding region is 1,047-bp long specifying a flagellin molecule of 349 amino acids (36,306 Da), whereas the fliC 38 -coding region is 1,341-bp long specifying a flagellin molecule of 447 amino acids (46,313 Da).
As expected, the DNA sequences flanking the fliC 48 gene in strain K-12 (Hanafusa et al., 1989; Blattner et al., 1997) are well conserved in those flanking the fliC 4 and fliC 38 genes (data not shown). The fliC 4 and fliC 38 genes are both preceded by sequences similar to the σ 28 -dependent promoter sequence (TAAAGGTT N 11 GACAATAA for fliC 4 and TAAAGGTT N 11 GATGATAA for fliC 38 ) (Fig.  2) . In the σ
28
-dependent promoter consensus sequence (TAAAGTTT N 11 GCCGATAA), several nucleotides are known to be invariable and thus believed to be essential for the promoter activity. For example, four nucleotides CGAT in the middle of the -10 sequence are strictly conserved in all the known σ 28 -dependent promoters (Ide et al., 1999) . However, the invariant G is replaced with A in the fliC 4 gene, while the invariant C is replaced with T in the fliC 38 gene. This suggests that these promoter-like sequences are not active in the transcription of the fliC genes.
In order to test this possibility, the promoter activities of the fliC 4 and fliC 38 genes were examined with the fliClacZ transcriptional fusions and compared with those of the actively expressed flagellin genes, fliC 48 , fllA 44 and fllA 55 (Table 3) . As expected, the fliC 48 , fllA 44 and fllA 55 genes showed high promoter activities. However, the promoter activities of the fliC 4 and fliC 38 genes were significantly low. Therefore, we conclude that the mutations in the σ
-dependent promoters resulted in inactivation of the fliC genes in strains 781-55 and E2987-73.
In pECH4 and pECH38, the fliC genes can be transcribed from the lac promoter on the vector sequence. Strain EJ2282 (K-12 ΔfliC) harboring pECH4 or pECH38 was motile well on the motility agar plates (data not shown). Their motility was indistinguishable from that shown by EJ2282 harboring pECH44 or pECH55, indicating that the fliC 4 and fliC 38 structural genes encode fully functional flagellin molecules.
Sequence comparison among the different flagellin genes or proteins As expected, the nucleotide sequences of the fliC 4 gene from strain 781-55 and the fliC 38 gene from strain E2987-73 are 98.8 and 99.9% identical to those published previously for the H4 and H38 type strains (Wang et al., 2003) , respectively. These two genes belong to a flagellin subgroup Ec1b (Wang et al., 2003) .
Although most of the H antigens of E. coli have been already described at a molecular level (Wang et al., 2003) , a few remained to be analyzed. This paper is the first report on the molecular structures of the H44 and H55 antigens. Although FllA 44 and FllA 55 share high sequence similarity to each other in the N-and C-terminal constant regions, their variable regions show only limited sequence similarity (Table 4 ). This suggests that these two genes may have been derived from different origins. In order to deduce the evolutionary origins of the fllA (Table 4) , both of which belong to another flagellin subgroup Ec1a (Wang et al., 2003) . This indicates that the fllA 44 and fllA 55 genes are the close relatives of the fliC 46 and fliC 19 genes, respectively, and belong to the subgroup Ec1a. In contrast, relatively low sequence homology was observed with flagellin proteins from other bacterial species. For example, FljB 1,2 of S. enterica serovar Typhimurium show significantly low similarity to FllA proteins even in the N-and C-terminal constant regions (Table 4) , though the chromosomal locations of the fllA genes resembles that of the fljB gene of S. enterica. These observations suggest that the fllA genes may have been originated from the fliC gene of E. coli and not from the fljB gene of S. enterica.
DISCUSSION
In this study, we analyzed the structure of the flagellin loci from E. coli strains 781-55 and E2987-73, which are the type strains for H44 and H55 antigens, respectively. The expressed flagellin genes, fllA 44 from strain 781-55 and fllA 55 from strain E2987-73, were found to reside at the chromosomal locations similar to, but not identical with, that of the fljB gene in S. enterica. Furthermore, the gene organizations in the DNA regions flanking the fllA loci are quite different even between strains 781-55 and E2987-73 (Fig. 1) . These observations suggest that the establishments of the fljB, fllA 44 and fllA 55 genes may have been three independent events in bacterial evolution. This is a sharp contrast to the flkA and flmA genes of E. coli strains Bi7327-41 and E223-69, respectively, which were postulated to have a common origin with the S. enterica fljB gene (Ratiner, 1998; Tominaga, 2004) .
Both FllA 44 and FllA 55 show high sequence similarity to E. coli FliC proteins, whereas they show relatively low similarity to flagellin proteins from other bacterial species. This suggests that the fllA genes may have been originated from the fliC gene of E. coli. However, as mentioned above, the fliC and fllA genes in strains 781-55 and E2987-73 belong to different flagellin subgroups (fliC to Ec1b and fllA to Ec1a), indicating that neither the fliC 4 and fllA 38 genes from strain 781-55 nor the fliC 38 and fllA 55 genes from strain E2987-73 have a direct sisterrelationship. This suggests that both of the fllA genes have emerged by intra-species lateral transfer of the fliC genes. It was found that, among the known flagellin genes, the fliC 46 It has been postulated that the fljB gene of diphasic Salmonella strains might have emerged by duplication or lateral transfer of the fliC gene in an ancestral monophasic Salmonella strain (Iino, 1969; Iino and Kutsukake, 1983) . It is well known that the fljB locus shows extensive heterogeneity among different Salmonella strains (Pelludat et al., 2003; Thompson et al., 2004; Reen et al., 2005; Kutsukake et al., 2006) . This is due to the integration of different prophages at the tmRNA gene adjacent to the fljB locus (Williams, 2003) . Therefore, one plausible scenario for evolution of the fljB locus is as follows: some phage DNA had captured a fliC gene and integrated into an ancestral monophasic Salmonella chromosome at or near the tmRNA locus, and subsequent mutations and DNA rearrangements yielded diphasic Salmonella strains. However, sufficient evidence has not been obtained to support this scenario. As discussed below, our data presented here indicate that the fllA genes locate within cryptic prophage DNAs. This is a significantly important finding to think about the evolutionary pathway of the second flagellin genes in E. coli and Salmonella.
E. coli has also a rich repertoire of elements using the tmRNA gene for their integration site (Casjens, 2003) . One of such elements is a P4-related cryptic prophage CP4-57, which locates at 60 min on the K-12 chromosome (Kirby et al., 1994; Retallack et al., 1994) . In strain 781-55, the fllA 44 locus was found to be flanked by the yfjJ and yfjU genes, both of which locate within CP4-57 ( Fig.  1(a) ). This indicates that the fllA 44 gene is carried by the CP4-57 prophage DNA. Therefore, we propose that the ancestral fllA 44 gene might have been captured by a P4-related phage genome, which was then integrated into the chromosome of an ancestor of strain 781-55 by site-specific recombination at the tmRNA gene or by homologous recombination with the resident CP4-57 DNA.
In strain E2987-73, the fllA 55 locus was found to be flanked by the ykfC and ygaT genes, which locates at 5.9 min and 60.1 min, respectively, on the K-12 chromosome ( Fig. 1(b) ). The DNA region upstream of the fllA 55 gene including the ykfC gene locates in another P4-related cryptic prophage CP4-6, which resides at 6 min on the K-12 chromosome (Blattner et al., 1997; Rudd, 1999) . Interestingly, this chromosomal region has been known to be an integration target of several genes, such as argF and yagH, which have been believed to be transferred laterally from other bacterial species (Van Vliet et al., 1988; Garcia-Vallve et al., 1999) . Therefore, like the fllA 44 locus in strain 781-55, the ancestral fllA 55 gene might have been captured by a P4-related phage genome, which was then integrated into an ancestral E. coli chromosome by site-specific recombination at its attachment site or by homologous recombination with the resident CP4-6 prophage DNA. Subsequent extensive chromosomal rearrangements such as an intra-chromosomal recombination between the CP4-6 and CP4-57 prophage DNAs and a deletion of the CP4-57 prophage DNA downstream of the fllA 55 gene might have yielded the present-day chromosomal organization in strain E2987-73.
In strains 781-55 and E2987-73, the fliC genes were found to be inactivated by the mutations in the -10 sequence of the σ 28 -dependent promoter (Fig. 2, Table 3 ). Because the nucleotides altered by the mutations are different between these two strains, the inactivation events might have occurred independently in the ancestors of these strains. This is consistent with the phylogenetic relationship between the fliC 4 and fliC 38 genes (Wang et al., 2003) . Because the cryptic fliC structural genes remain intact in these strains, we believe that the inactivation of the fliC promoter may have been a relatively recent event in these bacterial evolutions. However, at present, it is unclear which of the events, acquisition of the fllA gene and inactivation of the fliC gene, occurred earlier.
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